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Cytoplasmic pH regulation in canine renal proximal tubule cells. The
precise mechanisms by which the mammalian kidney proximal tubule
transports H and HC03 and regulates cytosolic pH (pHi) remain in
doubt, though both a H-ATPase pump and Na/H exchange at the
luminal membrane are known to function in the export of protons. The
mechanisms of HC03 transport are less clear though recent reports
suggest an important role for an electrogenic Na/HCO3 symport in
the basolateral membrane. The importance of chloride—dependent
bicarbonate transport is unknown. In the present studies, the pH-
sensitive fluorescent dye, bis-(carboxyethyl)-carboxyfluorescein (BCECF)
has been used to study pHi changes in suspensions of canine proximal
tubule cells following acidification or alkalinization of the cytosol. Cells
were acid—loaded to pH 6.5 by exposure to the H/K ionophore,
nigericin. Following removal of nigericin, pHi returned to basal levels
(pHi = 7.1) when the cells were resuspended in a buffer containing 100
mM Nat This recovery was blocked by removal of Na or addition of
0.2 mai amiloride to the cell suspension. In the presence of 0.2 mM
amiloride and Nat, partial excretion of the acid load occurred if the
buffer also contained HCO3/C02, but this effect was blocked by the
removal of Na or the addition of 1 m 4-acetomido-4'-isothiocyano-
2,2'-stilbene disulfonic acid (SITS). When cell membrane potential was
monitored in these experiments using the potential—sensitive fluores-
cent dye, bis-(1 ,3-dibutylbarbiturate) trimethine oxonol, the increase in
pHi seen in the presence of Na was found to be electroneutral,
whereas when that occurred in the presence of Na, amiloride and
HC03/C02 was associated with membrane hyperpolarization. In a
further series of experiments, the chloride dependence of bicarbonate
transport was studied, In the absence of chloride, basal pHi was
increased (7.31 0.02 vs. 7.15 0.03, P < 0.005), but the rise in pHi
produced by 10 msi (NH4)2 SO4 was blunted (0.12 0.01 vs. 0.16
0.01, P < 0.02). Cells suspended in chloride—containing bicarbonate
buffer showed a fall in pHi towards basal values after cytoplasmic
alkalinization by (NH4)2 SO4, but no such recovery was detectable in
chloride free conditions. These data are consistent with pHi regulation
of these cells by means of an amiloride—inhibitable Na/H exchanger
and a SITS-inhibitable, electrogenic, NaVHCO3 symport. Chloride—
dependent bicarbonate transfer also occurs and is important in the
maintenance of basal pHi and the excretion of a base load.
Bicarbonate reabsorption is an important function of the
proximal renal tubule. Existing data suggest that this process
involves both Na/H exchange [1] and possibly a H-ATPase
[2, 3] in the luminal plasma membrane, and HC03 transport [4]
in the peritubular membrane. The precise nature of the latter
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process is uncertain though an electrogenic Na/HCO3
symport has been described in the tiger salamander [4], and
more recently in the rat [5] and rabbit [6, 7], and in cultured
monkey epithelial cells [8]. There is conflicting evidence as to
the chloride dependence of peritubular bicarbonate transport
and it is not known whether these pH-regulating mechanisms
are present in other mammalian species also. The present
investigation has, therefore, studied cytoplasmic pH (pHi)
regulation in suspensions of cultured canine proximal tubule
cells using fluorescent dyes to measure pHi and membrane
potential. The results indicate that electroneutral Na/H ex-
change, electrogenic sodium—dependent bicarbonate transport
and Cl/HC03 exchange are present in these cells.
Methods
Proximal tubule cells prepared from mongrel dog kidneys
were grown in 25 cm2 plastic flasks until reaching confluence at
12 to 16 days, as described previously [9]. The characteristics of
these cells have also been described [9]. They resemble cells of
the S2 segment of the proximal tubule in their expression of
transport functions and hormonal responsivity. They also retain
the morphological features of proximal tubule cells, the brush
border and basolateral membranes being clearly distinguishable
by electron microscopy.
Intracellular pH was measured using the pH-sensitive fluo-
rescent dye 2' ,7'-bis-(2-carboxyethyl)-5 (and -6)-carboxy-
fluorescein (BCECF). Cells were mobilized from the culture
flask using a teflon cell scraper, and the resulting suspension
incubated with 5 to 10 /LM of the tetraacetoxymethyl ester of
BCECF in serum free medium at 37°C for 30 minutes. They
were then washed in medium for 30 minutes, followed by a brief
wash in the appropriate buffered salt solution (vide infra) before
resuspension in 2 ml of that solution for pHi measurement.
BCECF fluorescence was measured at 530 nm emission, 500 nm
excitation with 8 nm slit widths. At the end of each experiment,
cells were lysed with 0.1% Triton X-l00, and the fluorescent
signal calibrated against pH by successive additions of 1 p1 1M
HC1. This procedure has been found to underestimate pHi by
0.10 to 0.15 pH units as judged by the more reliable nigericin
calibration method [10]. Thus, a correction factor of 0.10 was
added to all measured values. The validity of this correction
was confirmed by calibrations performed in these cells using
nigericin.
1113
1114 Reid et a!
Table 1. Composition of buffered salt solutions
D
A
Sodium
buffer
B
Choline
buffer
C
Bicarbonate
buffer
Choline
bicarbonate
buffer
E
Chloride—free
buffer
F
Chloride—free
sodium buffer
Na 135 — 135 — 135 135K 4.7 4.7 4.7 4.7 4.7 4.7
Mg' 1.25 1.25 1.25 1.25 1.25 1.25Ca 1.25 1.25 1.25 1.25 1.25a l.25a
Choline — 135 — 135 — —
Cl 143.5 143.5 121.25 121.5 — —
Isethionate/gluconate — — — 121.5 143.5
HPO4 0.97 0.97 0.97 0.97 0.97 0.97
H2PO 0.23 0.23 0.23 0.23 0.23 0.23
Hepes 5.0 5.0 5.0 5.0 5.0 5.0
Dextrose 3.0 3.0 3.0 3.0 3.0 3.0
HCOc — — 22 22 22 —
C02% — — 5 5 5 —
All concentrations, except CO2. are given in mM.
a Ionized calcium adjusted to 1.25 m with CaSO4 or calcium gluconate. The measurement was made using an Orion calcium electrode.
Changes in membrane potential were recorded by means of a
potential—sensitive fluorescent dye bis-(l ,3-dibutylbarbiturate)
trimethine oxonol [di-BA-C4(3)], a negatively—charged oxonol
derivative. The use of anionic dyes prevents mitochondrial
accumulation of the probe, ruling out a contribution of these
organelles to the fluorescent response [11]. Di-BA-C4(3) was
added to the cell suspensions in a final concentration of 2 tM.
Fluorescence was determined using excitation and emission
wave—lengths of 488 nm and 520 nm, respectively.
All fluorescence measurements were made in an SLM 4800
spectofluorometer (SLM Inst., Urbana, Illinois, USA) coupled
to a computer, and the fluorescent signal was stored or relayed
to a plotter each 0.5 seconds. Cell suspensions (—6 x 106 cells/2
ml) were placed in 1 cm plastic cuvettes and stirred continu-
ously. The cuvette holder was thermostatted to 30°C, this
temperature being chosen in preference to 37°C in order to
minimize leakage of BCECF from cells. The leak rate of
BCECF at 30°C was found to be equivalent to 0.6% of the total
fluorescent signal per minute. The addition of amiloride 0.2 mt
to a cell suspension did not affect the fluorescent signal but the
same addition to a suspension of lysed cells quenched the signal
by 20%. This was corrected for when calibrations were per-
formed in the presence of amiloride.
The compositions of the buffers used in these studies are
given in Table 1. Cells were exposed to either 5% CO2 or to air,
as indicated in that table.
Details of individual experiments are given with the Results.
Each experiment was performed on at least three occasions.
Materials
BCECF-AM was obtained from HSC Research Develop-
ment, Toronto, Canada, and di-BA-C4(3) from Molecular
Probes, Junction City, Oregon. 4-Acetomido-4'-isothiocyano-
stilbene-2-2'-disulfonic acid was supplied by ICN, Cleveland,
Ohio. All other chemicals were obtained from Sigma Chemical
Co., St. Louis, Missouri, USA.
Results
Recovery from cytoplasmic acidification.
Intracellular pH (pHi) was lowered by exposing cells sus-
pended in a sodium— and bicarbonate—free choline buffer (B,
Table 1) to nigericin, 6 gIml, as described by Grinstein, Cohen
and Rothstein El 1]. This resulted in a fall in pHi from 7.1 to 6.5
(Fig. 1). Nigericin was removed from the suspension by the
addition of albumen, 5 mglml, followed by centrifugation and
washing with choline buffer. The cuvette, minus the superna-
tant, was returned to the fluorometer, the cells resuspended in
buffer B and recording recommenced as rapidly as possible. No
significant recovery of pH1 was detectable under these circum-
stances (Fig. 1, Table 2). In order to study the effect of various
ions on recovery from intracellular acidosis, the same proce-
dure was followed but the acidified cells were resuspended in
0.5 ml of buffer B. The suspension was placed in the
fluorometer and 1.5 ml of the test buffer to be studied added
immediately before recording began. When sodium buffer (A)
was added, a prompt increase in pHi occurred with return to
near basal (that is, pre-nigericin) values within 300 seconds
(Fig. 2A, Table 2). In the presence of 0.2 mi amiloride, this
recovery was almost completely blocked (Fig. 2B and Table 2)
but no effect of 1 mrvi SITS was demonstrable (data not shown).
These results are consistent with the presence of a Na/H
exchanger, functioning in this experimental setting to return
pHi to basal levels by the export of W ions in exchange for
Nat
The effect of extracellular bicarbonate on recovery from
acidosis was then studied by adding bicarbonate buffer (C) to
acidified cells in which Na/H exchange was blocked by 0.2
mM amiloride (Fig. 3A, Table 2). pHi rose significantly more
quickly than it had in the absence of extracellular HC03/C02
but the rate of recovery and its completeness were less than that
seen in sodium buffer alone (Fig. 2A). In Figure 3B, these
experiments were repeated with the addition of SITS, an anion
exchange inhibitor. This resulted in a substantial inhibition of
pHi recovery. Near total inhibition of the rise in pHi also
occurred when cells were resuspended in the presence of
Nigericin
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Fig. 1. Proximal tubule cells loaded with
BCECF were suspended in choline buffer and
exposed to the protonophore, nigericin, 6
p.glml. Nigericin was scavenged with albumen
.J and the cells washed and resuspended in
500 choline buffer, pHi was estimated from
BCECF fluorescence.
HC03/C02 but in the absence of sodium (choline bicarbonate
buffer, D) (Fig. 4, Table 2). The omission of chloride from the
buffers, however, had no effect on the rise in pHi following
HC03/C02 addition' (data not shown).
The greater rate of rise of pHi in sodium buffer alone
compared with that in bicarbonate buffer plus amiloride sug-
gests that Na/H exchange is quantitatively more important in
the excretion of an acid load than bicarbonate transport. To
further investigate this question, a series of paired experiments
were performed in which acid—loaded cells were exposed to
either bicarbonate buffer or to this buffer plus 0.2 mrvi amiloride
or 1 mM SITS. Initial recovery rates in the presence of these
inhibitors were expressed as a fraction of those found in the
paired cuvettes containing bicarbonate buffer only. Amiloride
reduced the initial recovery rate to 0.41 0.03 (N 3) of
control, whereas SITS reduced it to only 0.78 0.05 (N = 3) of
control (P < 0.05). Assuming similar degrees of inhibition of the
respective transport processes by these concentrations of
amiloride and SITS, these results confirm the greater impor-
tance of Na/H exchange in cell recovery from acid—loading.
Membrane potential studies
In a further series of experiments, the changes in membrane
potential accompanying the pHi changes described above were
studied using the potential—sensitive fluorescent dye di-BA-
C4(3). Because of its negative charge, the cellular uptake of
di-BA-C4(3) is low (3%) [121 but binding of the dye to the
cytosolic proteins enhances its fluorescence [13]. Hence cell
depolarization, which allows a higher fraction of the dye to
enter the cytosol, leads to an increased fluorescent signal,
whereas hyperpolarization results in lower cytosolic dye con-
centrations and thus diminished fluorescence.
In order to confirm that the dye does indeed monitor mem-
brane potential in these cells, fluorescence was monitored in
'Because of difficulties in making solutions that were both chloride
and sodium free, cells in these experiments were acid—loaded with
nigericin in a sodium_containing chloride—free buffer (F, Table 1) in the
presence of amiloride. The pHi recovery was monitored following the
addition of buffer E plus amiloride. They were, thus, not strictly
chloride—free since amiloride is a chloride salt, but its concentration
was, relatively, very low (0.2 mM).
Table 2. Initial rates of increase of pHi in acid—loaded proximal
tubule cellsa
Suspending solution
Initial recovery ratec
pH units/mm
1. Na-free (choline) buffer (B)b 0.011 0.005 (5)
2. Na buffer (A) 0.336 0.024 (5)
3. Na4 buffer (A) + amiloride 0.2 m 0.017 0.007 (5)
4. Bicarbonate buffer (C) + amiloride 0.2 mai 0.143 0.015 (6)
5. Bicarbonate buffer (C) + amiloride 0.2 mai 0.064 0.016 (4)
+ SITS 1 mM
6. Na-free (choline) bicarbonate buffer (D) 0.009 0.001 (3)
a Rates were calculated from the change in pHi during the first 30
seconds of recording. Data are mean 1 SE. The number of experi-
ments is given in parentheses.b Letters refer to solutions listed in Table I.
C Using Duncans Multiple—Range Test, all paired comparisons are
significant at the 0.05 level with the following exceptions: lines 1, 3, and
5 vs. line 6, line 1 vs. line 3.
cells equilibrated with di-BA-C4 (3), following an increase in
extracellular potassium concentration from 4.7 m to 34.7 mst
(Fig. 5A). This resulted in the expected increase in fluores-
cence. To verify that this change was caused by plasma
membrane depolarization and not by some other effect of the
increased buffer potassium concentration, the experiment was
repeated in the presence of 4 mrvt BaCI2. Barium blocks the
potassium conductance of the plasma membrane, thus eliminat-
ing any effect of extracellular potassium concentration on
membrane potential [5]. In the presence of this ion, the effect of
potassium addition on di-Ba-C4 (3) fluorescence was almost
completely abolished (Fig. 5B).
In acid—loaded cells suspended in sodium buffer (A) (Fig.
6A), di-BA-C4(3) fluorescence was stable during the period of
pHi recovery (Fig. 2A and Fig. 6A; compare changes in pHi and
membrane potential in the presence of buffer A). When cells
were resuspended in bicarbonate buffer (C) plus amiloride 0.2
m, there was an initial decline in fluorescence, indicative of a
cell hyperpolarization with a marked flattening of this slope at
about 600 seconds (Fig. 6B). Comparison with the time course
of the accompanying pHi changes (Fig. 3A) shows a similar
pattern and thus suggests that the membrane hyperpolarization
is related to the increase in pHi. Repetition of these experi-
7.1
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Fig. 2. Proximal tubule cells were loaded with
BCF2CF and then acid—loaded by exposure to
nigericin. After washing, the cells were
resuspended in 0.5 ml choline buffer and
placed in the fluorometer. In (A), 1.5 ml of
sodium buffer was added and recording begun
— immediately. In (B), amiloride was added with600 the sodium buffer to give a final concentration
of 0.2 m in the cuvette.
ments in the presence of 1 mat SITS (Fig. 6C) demonstrated
reduced rates of fall of di-BA-C4(3) fluorescence (compare with
Fig. 3B for the change in pHi during this experimental maneu-
ver).
Recovery from cyto-plasmic alkalinization
In order to study the chloride dependence of HC03 trans-
port, recovery of pHi from alkalosis was monitored. Intracel-
lular pH was increased by the addition of ammonium sulfate in
a final concentration of 10 m to cell suspensions in bicarbon-
ate buffer (Fig. 7). Basal pHi was elevated in the absence of
chloride [7.31 0.02 (buffer E) vs. 7.15 0.03 (buffer C), P <
0.005, N = 4 each group], and it showed a smaller increase
following ammonium sulfate addition than was seen in control
cells suspended in buffer C (0.12 0.01 vs. 0.16 0.01, P <
0.02, N = 4 in each group). Following alkalinization, no
subsequent fall in pHi occurred in the chloride—free buffer E
(Fig. 6B), though pHi significantly declined in the control
cuvettes (buffer C, Fig. 6A) with a half—recovery time of 315
33 sec (N 3). This recovery was inhibited by 1 mM SITS
(a) Almiloride —
7.11
6.6 L
Ia
Ia
0
(a) SITS —
Time, sec
(b) Almiloride +::c----
6.9
6.5
E
Time, sec
Fig. 3. BCECF-loaded proximal tubule cells
were acidified by exposure to nigericin and
then washed and resuspended in 0.5 ml
choline buffer. In (A), immediately before
recording began 1.5 ml of bicarbonate bufferJ containing amiloride was added. The final
600 concentration of amiloride was 0.2 mM. In
(B), 1 mM SITS was also present.
(half—recovery time >700 sec, N = 3)and by the replacement of
bicarbonate by Hepes (half—recovery time >800 sec, N = 3). In
cells suspended in the absence of sodium (choline bicarbonate
buffer D) pHi was decreased to 6.75 0.09 (N = 3) and its
increment following 10 mit ammonium sulfate addition was
augmented to 0.36 0.01 (N = 3). No subsequent decline in
pHi was observed. However, if 20 mivi ammonium sulfate was
added, pHi rose to 7.31 and declined to 7.17 over the following
700 seconds.
Membrane potential studies during cell alkalinization with
ammonium sulfate showed that an immediate depolarization
occurred whether or not chloride ion was present (data not
shown). This response has been observed previously in micro-
electrode studies of a number of cell types, including
salamander proximal tubules [14—16]. Subsequently, fluores-
cence appeared to be stable; however, fitting of least—squares
regression lines to the data showed that there was in fact a
gradual increase in fluorescence with time (indicating further
depolarization) in cells suspended in chloride—containing buffer
(C). On the other hand, there was no change or a trend towards
repolarization in cells in chloride—free solutions (E). This sug-
gests that slight membrane depolarization accompanies the
recovery from cytoplasmic alkalinization.
Discussion
The above data allow a number of inferenes to be made
regarding pHi regulation in canine proximal tubular cells. In
bicarbonate—free solutions, efflux of H from these cells is
dependent on the presence of extracellular Na and is inhibited
by amiloride. Furthermore, there is no change in membrane
potential associated with this pHi increase. These results are
consistent with the existence of an electroneutral, am-
iloride—inhibitable Na/H antiport, such as that demonstrated
in brush border membrane vesicles prepared from rat [171 and
rabbit [18] renal cortex, and also in the intact proximal tubules
of these animals [19—21]. This antiport is probably restricted to
the luminal membrane of the proximal tubule [1, 22], though in
the tiger salamander it is demonstrable in the basolateral
membrane also [16].
Na/H activity was almost completely inhibited by
amiloride 0.2 mrt in the experimental settings of this report.
This is a much more marked inhibition than is seen with this
concentration of amilonde in intact proximal tubules [23].
However, comparable effects of amiloride have been found in
other studies of cultured renal cells [22, 24] and of microvillus
membrane vesicles [25]. The reason for this apparent difference
in amilonde sensitivity between intact tubules and other prep-
arations is unknown, but may be related to altered access of
amioride to the antiporter and differences in the species of
I KCI
I *
(b) Ba + ?T1fj
I_ I0 200
Time, sec
Fig. 5. Suspensions of proximal tubule cells not loaded with BCECF
were equilibrated with the potential sensitive dye, di-BA-C4(3), and
fluorescence measured as described in Methods. 30 mrvi KC1 was added
where indicated. In (A), no Ba2 was present but in (B), 4 mri BaCl2
was added 10 minutes before recording began.
origin of the preparations, as discussed by Howlin, Alpern and
Rector [23].
In the presence of amiloride inhibition, the ability of cells to
excrete an acid load can be restored by the presence of
HCO3/C02 in the extracellular environment. This suggests
that an additional transport mechanism exists which allows
either the excretion of H from or the entry of base to the cell
in the presence of HC03/C02. The simplest such mechanism
would be the transport of bicarbonate into the cell. This
conclusion is supported by the sensitivity of the phenomenon to
SITS, a stilbene derivative which inhibits anion transport in a
number of tissues. The process is dependent on extracellular
sodium, since no recovery from acid—loading is seen in a
sodium—free bicarbonate buffer, suggesting that sodium is co-
transported with bicarbonate. It is unaffected by the absence of
extracellular chloride. Also, the entry of HC03 and sodium
into the cell is accompanied by a net transfer of negative charge
into the cell, resulting in hyperpolarization of the plasma
membrane. These observations are consistent with electrogenic
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Fig. 4. Proximal tubule cells were prepared as
in Figures 2 and 3. Immediately before
600 recording began, 1.5 ml of choline bicarbonate
buffer (i.e., sodium—free) was added.
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C)
a)
a)
0
U-
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sodium and bicarbonate movement backward through the
Na/HCO3 symport recently described by Boron and
Boulpaep [4] in the tiger salamander and by Alpern [5] in the rat
proximal tubule.
Reverse transport by this symport has recently been docu-
mented by Jentsch et a! [261 and is thermodynamically consist-
ent with the currently—hypothesised 3 HC03: 1 Na coupling
ratio. If it is assumed that the plasma membrane potential
difference is —70 mY [27] and the cytoplasmic sodium concen-
tration is 22 mtst [281, then the electrochemical driving forces for
Na and HC03 influx can be calculated from the Nernst
equation. When pHi = 6.5 and extracellular pH is 7.40, the
driving force for Na1 influx is 113 mV and that for HC03 is
—14.7 mV. Thus the process is driven by the sodium gradient
and will reach equilibrium when the two opposing gradients are
equal. This point will be determined by the coupling ratio for
Fig. 6. Suspensions of proximal tubule cells were
acid loaded by exposure to nigericin as in Figures
2-4, but were not loaded with BCECF. The potential
sensitive dye, di-BA-C4(3), in a concentration of 2' F' M was added to both the choline buffer (0.5 ml) in
which the cells were suspended following acid
loading and to the 1.5 ml of buffer which was added
at the beginning of recording. The added buffers
were (A) sodium buffer (i.e. bicarbonate—free), (B)
bicarbonate buffer, plus 0.2 ms amiloride and (C)80 bicarbonate buffer plus amiloride 0.2 m and SITS 1
the two species. It can be seen from Fig. 3A that pHi reaches a
plateau at about 6.8, so the HCO3: Na coupling ratio (n) can be
calculated thus:
Na electrochemical gradient = n (HC03 electrochemical
gradient)
that is, 113 = n (70 — 61.5 A pH)
When A pH = 0.6, n = 3.4. As Fig. 3A indicates, however, at
600 seconds there was still a gradual increase in pHi. Thus, the
equilibrium A pH would be less than the figure used above
(<0.6) and n would therefore be less than the figure these
calculations predict, that is, <3.4. These calculations are only
approximate as we did not measure transmembrane potential
difference or intracellular sodium concentration, nor has allow-
ance been made for changes in these variables during the course
of our manipulations of pHi.
In order to determine whether Cl/HC03 exchange takes
place in these cells, recovery from alkalosis rather than acidosis
was studied, as this allowed the removal of chloride from the
side of the membrane to which bicarbonate would be trans-
ported by such a mechanism. The cytoplasm was alkalinized by
the addition of ammonium sulfate to the cell suspension. This
results in the diffusion of NH3, but not the more polar NH4,
across the plasma membrane. Since NH3 is a base, it accepts
H ions to form NH4, elevating pHi. Following this maneuver,
there was a gradual return of pHi towards its basal level only in
the presence of extracellular chloride, but no detectable recov-
ery occurred in chloride—free solutions. This recovery from
alkalinization could represent either the exit of HC03/0H
from the cell or the entry of NH4 or H. Its dependence on
both chloride and bicarbonate and its inhibition by SITS argues
against significant NH4 entry into the cell and are most
consistent with C1/HC03 exchange. Na/H exchange could
not contribute to the fall in pHi as the transmembrane sodium
gradient would oppose any net proton influx. These findings are
very similar to those in human neutrophils where recovery from
ammonium chloride exposure is predominantly mediated by
Cl/HC03 exchange [29]. The membrane potential changes
during recovery from cytoplasmic alkalinization are equivocal,
but suggest that the process is weakly electrogenic. This may be
the mechanism by which chloride and bicarbonate fluxes are
coupled since Ives and Verkman [30] have found this to be the
case for Cl—/OH— exchange in renal brush border vesicles.
-
(a) 1NP
)b) HCO3 +
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Fig. 7. Proximal tubule cells were loaded with BCECF and fluorescence
measured basally and after the addition of ammonium sulfate in a final
concentration of JO mM. In (A), cells were suspended in bicarbonate
buffer ([C1] = 121.5 mrei, [HCO3] = 22 mM) and in (B), in
chloride—free buffer ([HC03] = 22 mM).
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The involvement of extracellular chloride in pHi regulation is
also supported by the observed elevation of basal pHi in the
absence of chloride. As CO2 moves freely across the plasma
membrane and its intracellular concentration is therefore con-
stant, an increase in pHi implies an increment in intracellular
bicarbonate levels also. This could be explained by chloride
efilux in exchange for bicarbonate. An increased intracellular
bicarbonate concentration probably explains the smaller pHi
increment in the absence of chloride as it will result in an
increase in the total intracellular buffering capacity and thus
diminish the pHi change caused by a fixed base load.
The same mechanism is likely to account for the greater
increase in pHi which follows ammonium sulfate addition to
cells in a sodium—free solution. Basal pHi is lower in these cells,
presumably because of reversal of the direction of function of
the Na/H exchange in the absence of extracellular sodium.
This lowering of basal pHi complicates the interpretation of the
response to ammonium addition since ammonium now merely
returns pHi to its normal basal value, rather than to a supra-
normal level. The absence of a subsequent decline, then, is to
be expected and does not necessarily imply the involvement of
sodium in the recovery from intracellular alkalosis. The fact
that further elevation of pHi above its normal level by a larger
dose of ammonium is followed a subsequent recovery supports
this contention. Our data, therefore, do not suggest that sodium
is involved in the excretion of a base load by proximal tubule
cells, though they do not absolutely rule it out.
When taken together, these studies suggest that HCO3
transport in canine proximal tubular cells is both sodium and
chloride dependent and that net negative charge moves in the
same direction as HCO3. These ion dependencies are identical
to those of the NafHCO3 — Ci/H exchanger described in
snail neurones [31], barnacle muscle [32], squid axons [33], and
hamster fibroblasts [34], though this transporter is electroneu-
tral [33, 35, 361. Our findings can therefore not be explained by
this single exchanger and probably indicate the existence of two
bicarbonate transfer mechanisms in canine proximal tubular
cells. One is likely to be the chloride—independent, electrogenic
Na/HCO3 symport which has been described in the proximal
tubule basolateral membrane of the tiger salamander [4], the rat
[5], and the rabbit [37]. Our data indicate that a C1/HCO3
exchanger is probably also present, though it is not possible to
say at which cell surface. Guggino et a! [38] have found partial
chloride—dependency of basolateral bicarbonate transport in
Necturus proximal tubule and this has been confirmed in the
rabbit [39, 40] and in the rat [41]. Chaillet, Amster and Boron
[42] have shown that C1/HCO3 exchange is an important pH
regulating mechanism in LLC-PK1 cells, a pig renal cell line
possessing some proximal tubule characteristics [43]. Also
Warnock and Yee [44] have found evidence of Cl-/OH- ex-
change in brush border membranes of the rabbit proximal
tubule and Kleinman, Ware and Schwartz [451 have found
chloride dependence of pHi in suspensions of rabbit proximal
tubules. There is thus ample evidence to support our findings of
partial chloride dependence of bicarbonate transport in the
proximal tubule, though its site(s) remain uncertain.
Some of the conflict among the studies of chloride depen-
dence of bicarbonate transport may have arisen from differ-
ences in experimental design. While bicarbonate transport may
take place under a variety of conditions, the relative contribu-
tions of the Na/HCO3 symport and of C1/HC03 exchange
will vary as the electro-chemical gradients driving each vary
from one experimental setting to another. Sasaki et a! [39] have
recently demonstrated this phenomenon in the rabbit proximal
tubule, finding the pHi response to lowered bath—bicarbonate
levels to be unaffected by chloride removal, whereas resting
pHi was increased by this manipulation. This suggests that the
symport is the principal bicarbonate transporter in the former
situation but that Cl/HCO3 is important in the resting state. A
further possible source of inconsistency between different stud-
ies of chloride dependence might be the existence of a
Cl/HC03 exchanger with a very low km for chloride, such as
that found in the turtle bladder (km = 0.13 mM) [46]. Incubation
of intact tubules with chloride—free solutions may still result in
interstitial chloride concentrations of this order, whereas lower
levels are likely to be achieved using cell suspensions which can
be washed more thoroughly.
In conclusion, we have presented evidence that canine prox-
imal tubule cells regulate pHi via Na/H exchange and
electrogenic Na/HCO3 cotransport as has been shown in a
number of other species. In addition, chloride-dependent bicar-
bonate transport is also important, both in the basal state and
during recovery from cytoplasmic alkalinization.
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